Members of the TGF ␤ family of peptides exert antiproliferative effects and induce apoptosis in epithelial cell populations. In the exocrine pancreas, these peptides not only regulate normal cell growth, but alterations in these pathways have been associated with neoplastic transformation. Therefore, the identification of molecules that regulate exocrine pancreatic cell proliferation and apoptotic cell death in response to TGF ␤ peptides is necessary for a better understanding of normal morphogenesis as well as carcinogenesis of the pancreas. In this study, 
Introduction
The number of cells in a particular organ is maintained through a delicate balance between cell proliferation and cell death. Therefore, a precise regulation of cell division and apoptosis is required for normal morphogenesis and, not surprisingly, alterations in these processes can lead to neoplastic transformation. Studies from several laboratories have provided a mechanistic model that indicates that cell proliferation results from an interplay between cell signaling and transcriptional regulation (1, 2) . According to this model, mitogenic growth factors and antiproliferative peptides transduce signals emanating from cell surface transmembrane receptors that recruit a distinct set of intracellular "signaling proteins." These proteins then act on nuclear transcription factors to ultimately modify the expression of genes responsible for cell proliferation. In many circumstances, moreover, cell death is also triggered by the activation of cell surface receptors and requires the participation of nuclear transcription factors (3) .
Our final goal is to gain a better understanding of the molecular mechanisms involved in the regulation of cell proliferation and apoptotic cell death in exocrine ductular pancreatic cells since these cells are believed to be the origin of pancreatic cancer (4) . Among the most important pathways that regulate the proliferation and/or death of exocrine pancreatic cells are those mediated by members of the TGF ␤ family of peptides. Recent studies have suggested an important role for these peptide growth factors in maintaining an appropriate balance between the number of exocrine and endocrine cells during pancreatic development (5) . Interestingly, alterations in TGF ␤ -mediated signaling cascades are often found in pancreatic diseases. For instance, an upregulation in the expression of several members of this family of peptide growth factors is found in chronic pancreatitis, and this alteration has been proposed to participate in the development of both the fibrosis and the parenchymal atrophy that are landmarks of this disease (6) (7) (8) (9) (10) (11) . This observation is further supported by the fact that transgenic animals overexpressing TGF ␤ 1 develop pancreatic lesions compatible with chronic pancreatitis (7, 9) . In addition, the levels of TGF ␤ peptides, TGF ␤ receptors, and the TGF ␤ -associated tumor suppressor DPC4 gene have all been linked to the development of pancreatic cancer (12) (13) (14) . Consequently, characterization of the molecular machinery involved in mediating the effects of TGF ␤ peptides in exocrine pancreatic cells will be very useful for understanding the cellular events underlying normal pancreatic morphogenesis and is relevant to pancreatic diseases such as pancreatitis and cancer.
We have been studying the participation of zinc finger transcription factors in the regulation of pancreatic cell proliferation by epidermal growth factor and gastrointestinal hormones (15) (16) (17) (18) . This family of transcription factor proteins has been demonstrated to be potent regulators of normal morphogenesis from insects to vertebrates and, when mutated, can give rise to neoplastic transformation. In kidney, for instance, WT1 is a regulator of cell proliferation during embryogenesis (19) and mutations in this gene are responsible for Wilms tumor (20) . Therefore, the identification and functional characterization of zinc finger proteins that may link the activation of TGF ␤ peptides to the regulation of pancreatic cell growth will significantly expand our understanding of this phenomenon.
In this report, we have characterized the expression, TGF ␤ regulation, and function of the zinc finger transcription factor TGF ␤ -inducible early gene (TIEG) 1 in exocrine pancreatic cell populations. This gene was previously isolated from human osteoblastic cells as a TGF ␤ 1-inducible transcript (21), but its functional role in epithelial cell populations remains poorly understood. Interestingly, TGF ␤ is a mitogenic peptide in mesenchymal cells, such as osteoblasts, while the peptide growth factor is antiproliferative in epithelial cells, such as pancreatic cell populations (22) . Here, we report that TIEG is expressed in both acinar and ductular exocrine pancreatic cell populations and is regulated by TGF ␤ 1 as an early response gene in exocrine pancreatic cell lines. More importantly, overexpression of TIEG is sufficient to induce apoptosis in these cells. Together, our results demonstrate that TIEG is a TGF ␤ -regulated zinc finger protein in exocrine pancreatic cells and provide evidence for a role for TIEG in mediating the negative effects of TGF ␤ 1 on pancreatic cell growth.
Methods
Cell culture. The rat pancreatic cell line AR42J (CRL1492) and the human pancreatic ductular cell lines PANC1 (CRL1468), MIAPaCa2 (CRL1420), BxPC3 (CRL1687), HS766T (HTB134), and Capan1 (HTB79) were obtained from American Type Culture Collection (Rockville, MD) and cultured under an atmosphere containing 5% CO 2 in DMEM (AR42J, PANC1, MIAPaCa2, and HS766T) or RPMI-1640 (BxPC3 and Capan1) supplemented with 10% FBS (GIBCO BRL, Gaithersburg, MD) and 100 U/ml penicillin/100 U/ml streptomycin (GIBCO BRL). Library screening, sequencing, and Northern blot analysis. For the isolation of the rat TIEG cDNA, a rat pancreatic cDNA library (Stratagene Inc., La Jolla, CA) was screened under high stringency conditions using a full length human TIEG cDNA probe (21). A total of 10 6 amplified recombinant plaques were screened using the human TIEG cDNA probe labeled to a specific activity of 2 ϫ 10 8 cpm per g of DNA as previously described (23). Sequencing was performed using a thermocycler-based double-stranded DNA sequencing system (GIBCO BRL). The analyses of sequences and database comparisons were performed using MacVector (Eastman Kodak Co., Rochester, NY) and GCG (Madison, WI) DNA analysis softwares. Total RNA was prepared by the method of Chomczynski and Sacchi (24) and Northern blot analysis was performed as previously described (23) using 4 ng/ml of randomly primed 32 P-labeled full length TIEG cDNA probe. For determining TIEG expression in response to TGF ␤ 1, pancreatic cell lines were cultured in DMEM or RPMI-1640 containing 1% FBS for 24 h. Subsequently, the media was changed to the same media with or without 5 ng/ml TGF ␤ 1 (Austral Biologicals, San Ramon, CA) for various times before RNA isolation. 1 g/ml actinomycin D (Sigma Chemical Co., St. Louis, MO) or 10 g/ml cycloheximide (Sigma Chemical Co.) were applied 30 min before, and together with, TGF ␤ 1 for the early response experiments. Membranes were washed with a final stringency of 0.1 ϫ SSPE plus 0.1% SDS at 65 Њ C. Each experiment was performed at least two different times. For quantitative purposes, signals obtained for TIEG gene expression were normalized to the level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA or 18S rRNA after blot rehybridization as previously described (21, 23).
Western blot analysis and immunohistochemistry. For the detection of TIEG and the TGF ␤ types I and II receptor proteins by Western blot analysis, aliquots of pancreatic cell homogenates (100 g total protein) were separated by SDS-PAGE (25) and transferred to nitrocellulose as previously described (26, 27) . Protein concentration was determined by the BCA method (Pierce, Rockford, IL). The polyclonal antibodies against the TGF ␤ type I and II receptor were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The anti-TIEG antiserum that recognizes an epitope spanning amino acids 134-154 (human) and 119-139 (rat) from TIEG was raised in rabbits against a synthetic peptide according to standard procedures (28).
Anti-TIEG IgG was immunopurified by affinity chromatography using the peptide conjugated to agarose (29) . 1 g of an in vitro transcribed and translated human TIEG protein was used as a positive control. In vitro transcription and translation was performed using 1 g of full length human TIEG cDNA in Bluescript SK II (Stratagene Inc.) and TNT ® Lysate (Promega Corp., Madison, WI) according to the manufacturer's specifications. Immunohistochemistry using the anti-TIEG antibody and an avidin-biotin immunoperoxidase detection system (Zymed Laboratories, Inc., South San Francisco, CA) was performed as previously described (27) . Antigen retrieval was achieved by heating samples for 10 min in a microwave oven (800 W) in the presence of Antigen Retrieval ™ Citra solution (BioGenex Labs., San Ramon, CA). As a control, preimmune serum was used.
Cell proliferation assay. A full length human TIEG cDNA was subcloned into the cytomegalovirus-based expression vector pMEXneo to generate pMEX-neo-TIEG. PANC1 cells were seeded in 100-mm dishes, and transiently transfected with either of these two vectors using LipofectAMINE ™ (GIBCO BRL) according to the manufacturer's directions. After 24 h, transfected or untransfected PANC1 cells were plated in 96-well microtiter plates at a density of 0.5 ϫ 10 4 cells per well in DMEM with 10% FBS. After 12 h, the medium was changed to DMEM containing 1% FBS, and was subsequently changed every 24 h. The number of cells at this time ( t ϭ 0) and at 24 and 72 h was determined using the colorimetric MTS assay (Promega Corp.). For determining transfection efficiency, PANC1 cells were transfected with a plasmid encoding ␤ galactosidase, harvested, and stained using the ␤ -Gal Staining Kit (Invitrogen Corp., San Diego, CA) according to the manufacturer's instructions. The percentage of cells positive for ␤ -gal was determined under a light microscope.
Apoptosis assays. pMEX-neo-TIEG-transfected, control vector (pMEX-neo)-transfected, or untransfected PANC1 cells were split onto coverslips or 100-mm dishes in DMEM with 10% FBS 24 h after transfection. After 12 h, medium was changed to DMEM containing 1% FBS. To quantitate nuclear changes indicative of cell death by apoptosis, PANC1 cells were stained with the membrane-permeant fluorescent DNA binding dye, 4,6-diamidino-2-phenylindol (5 M), and viewed under a photomicroscope (Carl Zeiss, Inc., Thornwood, NY) at 250 ϫ using 360-380-nm excitation and 515-565-nm emission filters as previously described (30-32). The nuclear changes in chromatin condensation/margination and nuclear fragmentation were used to identify apoptotic cells. At least 300 cells in four high power fields were counted, and apoptotic cells were expressed as a percentage of total cells. To confirm the results of the morphological assessment of apoptosis, we also analyzed the DNA for apoptotic laddering as previously described (30-32).
For determining apoptosis in individually transfected cells, we used the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling technique (TUNEL) and differential interference contrast microscopy. Cells were cotransfected with the pMEX-neo-TIEG and the marker plasmid pHook 2 lacZ (Invitrogen Corp.) encoding for the hemagglutinin A (HA) epitope that allows us to separate transfected from untransfected cells by immunofluorescence using the 12CA5 monoclonal antibody (Boehringer Mannheim Biochemicals, Indianapolis, IN) (33) . Cells undergoing apoptosis were identified by the morphological criteria of nuclear fragmentation, nuclear margination, and organelle disorganization using differential interference contrast microscopy as previously described (34) . DNA fragmentation was determined in situ by the TUNEL technique using the cell death detection system from Boehringer Mannheim Biochemicals according to the manufacturer's specifications.
Results

TIEG is expressed in exocrine pancreatic cells and encodes a member of a growing family of Sp1-like zinc finger proteins.
TIEG is a TGF ␤ -inducible zinc finger encoding gene recently identified from mesodermally derived human osteoblastic cells by Subramaniam et al. using differential display PCR (21). In this study, with the goal of understanding the role of TIEG in epithelial cell populations, we have characterized the expression, TGF ␤ regulation, and function of this gene in exocrine pancreatic cell populations. Strong evidence for the expression of TIEG in pancreatic cell populations was first obtained through the cloning of this gene from a rat pancreas cDNA library. Using a cDNA probe against the human TIEG gene, we isolated several clones that together span the entire coding region of the rat homologue, which is identical to the human gene product (Fig. 1 a ) . Interestingly, comparison between these clones and sequences deposited in existing databanks demonstrate that TIEG belongs to a growing family of Sp1-like zinc finger proteins. This subfamily of krüppel -like zinc finger transcription factors is composed of many members that display high homology within their DNA-binding motifs. Fig. 1 b shows that the zinc finger DNA-binding motifs of TIEG match the consensus for this family of proteins and are Ͼ 65% identical to the structural and functional paradigm of this family, Sp1. In addition, TIEG is Ͼ 80% similar to another Sp1-like GC binding protein from mouse throughout its entire sequence (Fig. 1 a ) .
We have subsequently analyzed the expression and localization of TIEG in rat and human exocrine pancreatic cell populations using Northern blot analysis and immunohistochemistry. The results shown in Fig. 2 demonstrate that TIEG is enriched in the rat pancreas and in six different exocrine pancreatic cell lines. In addition to pancreatic cell populations, TIEG is expressed in other adult rat tissues including heart, kidney, and lung, suggesting that the product of this gene may also participate in TGF ␤ -mediated processes in these tissues. To determine which cell populations in the exocrine pancreas express TIEG, we performed immunohistochemistry in adult pancreas. For this purpose, we used an affinity-purified anti-TIEG antibody that recognizes an epitope spanning amino acids 134-154 (human) and 119-139 (rat) of TIEG. This antibody Figure 1 . TIEG is a member of a growing family of Sp1-like zinc finger proteins. (a) Sequence alignment between the rat TIEG and the murine Sp1-like GC binding protein (S52306; Genbank/EMBL/DDBJ). Numbers to the right refer to amino acid residues. Comparisons were performed using the default settings of the GAP program (GCG). Stippled boxes indicate three zinc finger motifs. The putative nuclear localization signal is in bold and underlined. Note that the rat TIEG protein is 82.3% identical to the mouse GC binding protein throughout its entire sequence. (b) Alignment of the zinc finger encoding region of the rat TIEG protein to the databank reveals high homology with the zinc finger DNA binding motif of the human Sp1, Sp2, Sp3, Sp4, human TIEG, and mouse Sp1-like GC binding protein. Alignments were obtained using the default settings of the BLAST alignment program (GCG). Stippled boxes indicate identical residues at that position. The solid lines indicate the three zinc finger motifs present in this family of proteins. Note that the zinc finger motifs of the rat TIEG are 98.8, 98.8, 66.7, 64.2, 67.9, and 66.7% identical to the zinc finger motifs of the human TIEG, mouse GC binding protein, and human Sp1, Sp2, Sp3, and Sp4 proteins, respectively, at the protein level.
does not recognize other members of the SP1-like protein since the epitope used for the immunization is not present in any other member of this family. Fig. 3 a shows that this antibody specifically recognizes an in vitro translated human TIEG protein as well as a band of the same size corresponding to the TIEG protein from rat and human exocrine pancreatic cell lines that display the typical TGF ␤ inducibility of TIEG. Fig. 3 b demonstrates that, using this antibody, TIEG is localized to both the ductular and acinar cell populations in normal human exocrine pancreas. A similar staining pattern is detected in rat pancreas and control staining with preimmune serum is negative (data not shown). Together, these results clearly demonstrate that TIEG is an Sp1-like zinc finger encoding gene that is highly expressed in both rat and human exocrine pancreatic cell populations.
TIEG is an early response gene for TGF ␤ 1 in pancreatic cell lines. Because the expression of TIEG is rapidly regulated by TGF ␤ 1 in mesenchymal cell populations (21), we investigated whether this gene is also a target for TGF ␤ 1 in pancreatic epithelial cell lines. TGF ␤ peptides signal through a heterodimeric receptor complex of TGF ␤ type I and II receptors (22) . The expression of these receptors in the exocrine pancreatic cell lines, PANC1, MIAPaCa2, BxPC3, HS766T, and Capan1 was verified using Western blot analysis (Fig. 4 a ) . These cell lines were subsequently treated with TGF ␤ 1 for 2 h and the expression of TIEG was examined by Northern blot analysis. Fig. 4 b shows that the expression of TIEG is upregulated within 2 h of TGF ␤ 1 treatment in human pancreatic cell lines, which express both TGF ␤ types I and II receptors.
Because of this rapid induction and the functional impor- Figure 2 . Expression of TIEG in adult rat tissues and exocrine pancreatic cell lines. Northern blot analysis was performed on RNA isolated from rat pancreas, brain, heart, kidney, liver, lung, and testis. In addition, the expression of TIEG was determined in the rat pancreatic cell line AR42J and the human cell lines PANC1, MIAPaCa2, BxPC3, HS766T, and Capan1. Rat samples were hybridized with a rat TIEG probe while the human samples were hybridized with the full length human TIEG cDNA. Control hybridization with the house keeping gene probes glyceraldehyde-3-phosphate dehydrogenase (rat) and 18S (human) were used to normalize loading. Note that the TIEG mRNA is enriched in the adult rat pancreas and the six different pancreatic cell lines tested. In addition, this gene is also expressed in the heart, kidney, and lung. tance of early response genes in growth factor signaling pathways (26), we also tested whether the TGF ␤ 1-mediated upregulation of TIEG mRNA levels is independent of protein synthesis. Fig. 5 shows that the TIEG upregulation by TGF ␤ 1 in PANC1 cells occurs within 2 h, even in the presence of the protein synthesis inhibitor, cycloheximide. In contrast, treatment with the transcriptional inhibitor, actinomycin D, abolishes this upregulation of TIEG mRNA levels. Therefore, these data demonstrate that TIEG is an early response target for TGF ␤ 1 in pancreatic cell populations and that the effects The expression of TIEG is regulated by TGF␤1 in pancreatic epithelial cell lines. Each TGF␤ receptor-positive pancreatic epithelial cell line was treated with 5 ng/ml TGF␤1 for 2 h before RNA extraction. Northern blot analysis was performed using 10 g total RNA. Note that the expression of TIEG was detected in all of the cell lines tested. In addition, the levels of TIEG mRNA are significantly upregulated in response to TGF␤1 treatment. Figure 5 . TIEG is an early response gene for TGF␤1 in pancreatic epithelial cell lines. (a) The temporal pattern of expression of TIEG in response to TGF␤1 treatment was determined in PANC1 cells by Northern blot analysis. PANC1 cells were treated with 5 ng/ml TGF␤1 for 0.5, 1, 2, and 4 h (0 ϭ untreated cells) before RNA extraction. Northern blot analysis was performed using 10 g total RNA. The TGF␤1-mediated upregulation in TIEG mRNA levels occurs as early as 2 h after treatment. (b) TIEG is an early response gene for TGF␤1 in pancreatic epithelial cell lines. PANC1 cells were treated with actinomycin D (1 g/ml) or cycloheximide (10 g/ml) 30 min before and during TGF␤1 stimulation, and Northern blot analysis was performed. The TGF␤1-mediated upregulation in TIEG mRNA levels occurs within 2 h, even in the presence of the protein synthesis inhibitor cycloheximide, a defining feature of an early response gene. In contrast, treatment with the transcriptional inhibitor actinomycin D abolishes this upregulation of TIEG mRNA levels, indicating that the effects of this growth factor on TIEG expression occur at the level of transcription. of this growth factor on TIEG gene expression occur at the level of transcription.
Overexpression of TIEG in exocrine pancreatic cell lines induces apoptosis. Using transient transfection experiments, we overexpressed full length human TIEG in the exocrine pancreatic cell line PANC1 and measured the effect on cell proliferation. These cells have been previously described to be sensitive to the growth inhibitory effect of TGF␤1 (35, 36) and are very useful for cell proliferation studies because they are highly transfectable using cationic liposomes (72Ϯ4% as determined by ␤-galactosidase reporter assay). In addition, as shown in Fig. 6 , TGF␤1 increases the rate of apoptosis fourfold in these cells as determined by a nuclear fragmentation assay (from 2.6Ϯ0.6% to 8.8Ϯ0.5%). These values are comparable to the rates previously reported in hepatocytes (30), one of the most widely used models for studying TGF␤-mediated programmed cell death, suggesting that PANC1 cells also provide a valuable model for studying this phenomenon. The results from the proliferation assay shown in Fig. 7 demonstrate that both untransfected PANC1 cells and cells transfected with the control vector (pMEX-neo) alone grow normally while cells transfected with pMEX-neo-TIEG stop proliferating. Note also that the number of cells in the group transfected with pMEXneo-TIEG is lower after 72 h than at the beginning of the experiment (Fig. 7 a) . Moreover, although TIEG overexpression is detected at 24 h, 72 h after the beginning of the experiment, TIEG overexpression is no longer detectable in pMEX-neo-TIEG-transfected cells (Fig. 7 b) . These results raised the possibility that TIEG induces apoptotic cell death rather than simply arresting the cells in a specific phase of the cell cycle. To test this hypothesis, we determined whether these cells undergo apoptosis using nuclear fragmentation and DNA ladder assays. Indeed, Fig. 8 a shows that cells transfected with pMEX-neo-TIEG undergo apoptosis as evidenced by the classical morphological feature of chromatin margination/condensation and nuclear fragmentation. More than 30% of cells undergoing apoptosis can be detected in the TIEG-transfected cell population at any time point (Fig. 8 b) . This additively results in the net loss of cells observed using the MTS cell proliferation assay in Fig. 7 a. Fig. 8 c shows the formation of a DNA ladder as a result of internucleosomal fragmentation. Thus, overexpression of TIEG is sufficient to induce apoptosis in exocrine pancreatic cell populations. To document this phenomenon at the cellular level, we determined the development of apoptosis in individually transfected cells using the TUNEL technique and fluorescence microscopy. For this purpose, we cotransfected the pMEX-neo-TIEG vector together with the pHook-2 lac Z plasmid (37) that encodes the HA epitope, thus allowing us to distinguish transfected from untransfected cells by immunofluorescence using an anti-HA antibody (33) . A similar technique has also been previously used for separating cotransfected from untransfected cells using fluorescence activated cell sorting and the CD4 epitope (38) . The results of these experiments, shown in Fig. 9 d, demonstrate that transfected cells, as identified by the HA antibody, display both the morphological parameters of apoptosis under DIC (nuclear margination, cell shrinkage, and bleb formation) and the nuclear fragmentation as determined by the TUNEL technique. These features were absent in cells transfected with the control plasmid (data not shown). Therefore, these results further support the biochemical data presented above, demonstrating that cells transfected with TIEG undergo apoptosis.
Discussion
Continuing with our previous studies on the identification of transcription factors that participate in growth factor-and gastrointestinal hormone-regulated pancreatic cell growth (9-12), here we have characterized the expression and function of the TGF␤-inducible zinc finger encoding gene TIEG in pancreatic epithelial cells. This gene was originally identified from a mesodermally derived osteoblastic cell population (21), but the cloning of the rat homologue from rat pancreas suggests a role for this transcription factor in epithelial-derived exocrine pancreatic cells as well. Using Western blot, immunohistochemistry, and Northern blot analyses, we have demonstrated that both the TIEG mRNA and protein are present in exocrine pancreatic cell populations and that TGF␤1 significantly upregulates the levels of TIEG even in the presence of cycloheximide, a defining feature of early response genes. Because early response genes have been proposed to be a direct link between growth factor signaling cascades and distinct cellular functions (39), these results led us to hypothesize that TIEG may mediate at least some of the negative effects of TGF␤ on epithelial cell proliferation. Indeed, we have demonstrated that overexpression of TIEG in PANC1 cells stops cell proliferation and causes apoptosis. The rate of apoptosis detected in PANC1 cells transfected with TIEG is higher than the rate of cell death observed in these cells after TGF␤1 treatment. However, it is important to consider that the upregulation of TIEG observed after TGF␤1 treatment of PANC1 cells is transient, while the levels of TIEG expression obtained by transfection are expected to be maintained constantly high. Therefore, this experimental paradigm is expected to unmask the function of TIEG that otherwise would remain unclear. Similar approaches have previously been used to characterize the function of other key molecular regulators of apoptosis (40, 41) . Therefore, TIEG is a bona fide candidate to mediate the apoptotic effects of TGF␤ peptides in pancreatic epithelial cell populations. At least 300 cells in four high power fields were counted, and apoptotic cells were expressed as a percentage of total cells. Note that Ͼ 30% of cells undergoing apoptosis can be detected in the TIEG-transfected cell population at any time point, which cumulatively results in the remarkable reduction in the cell number observed at the 72-h point using the MTS proliferation assay (Fig. 5) . Bars represent meanϮSEM. Statistical analyses were performed by ANOVA with the Fisher post hoc test using Statview 4.5 ™ . *Significant difference (P Ͻ 0.05) compared with untransfected cells and cells transfected with the control vector alone (pMEX-neo) at each corresponding time point. (c) Apoptosis in TIEG-transfected PANC1 cells as determined using a DNA ladder assay. The formation of a DNA ladder resulting from the internucleosomal DNA fragmentation due to apoptosis was determined by agarose gel electrophoresis. DNA extracted from untransfected PANC1 cells or cells transfected with either TIEG (pMEX-neo-TIEG) or the control vector alone (pMEX-neo) was separated on a 2% agarose gel and stained with ethidium bromide. Note that cells transfected with TIEG undergo apoptosis as evidenced by the formation of the characteristic DNA ladder. Each of the bands observed in the DNA molecular weight (MW) standard correspond to 123 bp. This laddering is not detected in untransfected cells and cells transfected with the control vector alone (pMEX-neo). (d) Apoptosis in individual TIEG-transfected PANC1 cells as determined using differential interference contrast microscopy (DIC) and the TUNEL technique. PANC1 cells were cotransfected with the pMEX-neo-TIEG and the HA epitopeexpressing vector pHook 2 lacZ. Individual transfected cells were identified by immunofluorescence using a primary anti-HA antibody and a rhodamine-labeled secondary antibody. Apoptosis was determined by both the morphological apoptotic parameters visualized under DIC and the in situ DNA fragmentation assay TUNEL using FITC-labeled dUTP. Note that the transfected cells that are positive for anti-HA staining (red) display the morphological landmarks of apoptosis such as nuclear margination, chromatin condensation, and cytoplasmic disorganization under DIC. These cells also display DNA fragmentation as visualized by the TUNEL technique (green). These signs were not observed in cells transfected with the control plasmid pMEX-neo.
The involvement of TIEG in apoptosis as described here should be considered in light of the known effects of TGF␤ peptides in different cell populations, including pancreatic cells. While these growth factors induce proliferation in mesodermally derived cells, they are potent antiproliferative agents in most epithelial cells (22, 42) . Moreover, in some cell types, growth arrest is accompanied by apoptotic cell death (43, 44) . The best characterized among these TGF␤-responsive epithelial cell populations are those of the gastrointestinal tract, liver, and pancreas. In these cell populations, TGF␤ has been consistently shown to cause cell cycle arrest and also to induce apoptosis. However, the molecular machinery that participates in these growth inhibitory cascades is poorly characterized. Although it is known that TGF␤ peptides activate heterodimeric receptors that display serine/threonine kinase activity, until very recently the cytoplasmic and nuclear proteins that participate in TGF␤ signaling were almost unknown. Several reports have now identified a family of proteins known as MADs (Mothers against decapentaplegic), which act as transducers of TGF␤ signaling from insects to vertebrates (45) (46) (47) . The discovery of TIEG from osteoblasts as a TGF␤-inducible early gene (21), together with these reports, identifies this zinc finger protein as an important player in this signaling cascade as well. However, a paradox still exists since, as stated above, TIEG is present not only in pancreatic epithelium where TGF␤ inhibits cell growth, but also in mesodermally derived osteoblasts that proliferate in response to this peptide (48) . It is therefore possible that TIEG induces cell proliferation in mesodermally derived cells. However, further studies are needed to answer this question.
In light of the results reported in this study, it becomes important to consider the potential participation of TIEG in TGF␤-mediated signaling cascades that regulate cell growth not only during embryogenesis but also during the development of pancreatic diseases (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . As stated earlier, both chronic pancreatitis and pancreatic cancer are often accompanied by alterations in these signaling cascades. For instance, high levels of TGF␤ peptides have been implicated in the development of fibrosis in both diseases, and probably contribute to the epithelial atrophy found in chronic pancreatitis (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . In addition, a recently identified candidate tumor suppressor gene for pancreatic cancer, DPC4, has been shown to belong to a family of proteins involved in TGF␤-mediated signaling from insects to vertebrates (14, (45) (46) (47) . Because of the antiproliferative effects of TGF␤ peptides on epithelial pancreatic cells and the potential participation of DPC4 in these phenomena, alterations in this gene are expected to result in uncontrolled cell proliferation and perhaps neoplastic transformation (14) . However, the defined cellular function of DPC4 has not yet been investigated and we do not know whether this protein functions upstream or downstream of TIEG in TGF␤ signaling pathways. It also remains to be established whether mutations or altered expression of TIEG can result in neoplastic transformation. In this regard, based upon the negative effects of TIEG on epithelial pancreatic cell growth reported here, it becomes interesting to speculate that alterations in the function of this protein may be found in chronic pancreatitis and pancreatic cancer. Ongoing experiments in our laboratory are aimed at determining the expression and function of TIEG during the development of these diseases in both human and whole animal models.
The sequence homology reported here between TIEG and members of the Sp1 family of transcription factors is also an important finding that may help to better define the function of this gene product in various cell populations. As documented in this study, the DNA binding motifs within all of these proteins are highly homologous, suggesting that they may recognize the same or similar cis regulatory sequences. In this respect, Sp1-like sites have been demonstrated to be essential for the regulation of the gene products for the cell cycle inhibitors p15 and p21 by TGF␤ (49, 50) . Recent investigations of TGF␤-induced growth arrest indicate that it is mediated in part by p21 and p15 (49) (50) (51) . Because of the TGF␤ regulation and the negative effects of TIEG on epithelial cell proliferation, it is tempting to speculate that this protein may regulate the expression of p15 and p21 through binding to the Sp1-sites present in their promoters. Consequently, this upregulation of either p15 or p21 would inhibit cell cycle progression and stop cell proliferation. Further studies that focus on testing the validity of this model may give further insights on the molecular mechanisms underlying apoptotic cell death (52) in pancreatic epithelial cells.
In conclusion, we have demonstrated for the first time that the zinc finger encoding gene TIEG is expressed in pancreatic epithelial cell populations in a TGF␤-inducible manner and that overexpression of TIEG in these cells results in apoptosis. Several studies indicate that TGF␤-induced cell growth arrest and apoptosis are necessary to maintain the appropriate number of epithelial cell populations during pancreatic morphogenesis, regeneration, and the early stages of pancreatic carcinogenesis (5-14, 35, 36) . Thus, the results reported here identify TIEG as a good candidate to mediate these negative effects of TGF␤ on pancreatic epithelial cell growth, expanding our understanding of the molecular machinery involved in this phenomenon.
